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EXPZRIL2!XTAL I ITZSTIGATIOX OF AIEiCfiAFT PZGPEL’UTRS 

EXPOSED TO Ci3LIQUE A I 3  CU%E;:TS.* 

By 0. Flachsbart  and G. Krgber. 

Tvm screw p r o p e l l e r s ,  a normal a i rp l ane  p r o p e l l e r  n-itL1 a 

pitch/c?-la;r;leter r a t i o  H/D = 0.5 and a h e l i c o p t e r  p r o p e l l e r  

H/D = 0.2, 
ir 

were t e s t e d  i n  t h e  lal’ge wind trxmel of t h e  Gotti;?- 

gen deyodynamic I n s t i t u t e .  With  botn p r c p e i l e r s  t h e  angle 3e- 

tween t h e  p r o p e l l e r  a x i s  and t h e  d i r e c t i o n  of  t k e  wind w a s  var- 

i e d  froix 0 to 90’. I n  add-ition t G  t he  t h r e e  force  ai?d t h e  tk ree  

aoment coix2onents i n  a wind-fast coord innt  e system, t h e  corre- 

sponding comgonent s i n  a p rope l l e r - f s s t  coordinate  sys tex ,  a 

t o t a l  of s i x  f o r c e  Z l d  s i x  mGment coinponent s, toge ther  with t h e  

propuls ive  e f f i c i e n c y ,  were measured o r  c a l c u l a t e d  from ineasure- 

ments. The r e s u l t s  are given i n  t h e  form of diagrans and S r i e f -  

ly discussed. The p rope l l e r  iiiodels ana method o f  experiaenta-  

t i o n  aze  descr ibed and the  symbols a r e  defined. 

f n t  f o  duc t i o n  

Vnder ilormal operati125 cor,ditions any propel led  cra.ft ::ioves 

- S O  that the  d i r e c t i o n  of t h e  r e l a t i v e  flow i s  exac t ly  o r  very 
*Experimentelle Unt ersuchungen ai? schrzg ange3lase::en Schrzubei:- 
p rope l l e rn .  Trom Z e i t s c h r l f t  f u r  Flugtecnnik ur,d k t o r l u f t -  
schiffal- . , r t ,  Decenbei: 14, 1325, p2.605-314. 

- 
It 
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nea r ly  i n  the  d i r e c t i o n  of t he  -??opeller ax i s .  These condi t ions  

are the. r,or:nal straightazray f l i g h t  of an a i rp l ane ,  t h e  ver t ic3Ai  

ascent  znd descent of EL ke l i cop te r  and t h e  straightaTxay motion 

of 2 s 3 p .  Since these  condi t ions  predoxinzte  i 2  p r a c t i c e ,  tkey 

have 5een iaacle t h e  p r i n c i p a l  ob jec t s  of t h e o r e t i c d .  and expezi- 

mental i nves t iga t ion .  

All prope l l ed  c r a f t  soiaetizes come, hoxever, i n t o  positio;:s 

i n  which thne d i r e c t i o n  o f  t h e  r e l a t i v e  f l o w  dev ia t e s  consicier- 

ably f r o c  t h e  C i rec t ion  of t h e  p rope l l e r  axis .  

ca ses  a e :  

The p r i n c i p a l  

1, Curving not ion of all propel led  c r a f t .  The aiigle 'ae- 

tween t h e  p r o p e l l e r  ax i s  and t h e  r e l a t i v e  f l o w  ( h e r e i n a f t e r  

c a l l e d  the  cLngle of  f l o x  and d e s i g m t e d  by CL) i s  inverse ly  pro-  

p o r t i o n d .  t o  t h e  r ad ius  o f  t h e  C t i l V G .  

2. The ho r i zon ta l  f l i g h t  o f  a h e l i c o p t e r ,  i n  wnich the  

h o r i z o n t a l  motion i s  produced by i n c l i n i n g  the  p r o p e l l e r  ax i s ,  

On such a h e l i c o p t e r  t'ne p rope l l e r  performs the  d-ual, f m c t i o n  

o f  v e r t i c d  l i f t  and h o r i z o n t a l  propulsion. The r e s u l t i n g  an- 

g l e  of flow (0) i s  l a r g e  i n  conparison w i t h  case 1. 

I n  1914, Brainwell, Relf and Sryant ,  i n  wind-tunnel exgeri-  

ment s wi th  ; x o p e l l e r s  exposed t o  oblique air c u r r e n t s ,  measured! 

t h e  thrust coKiponent s p a r a l l e l  and perpendicular  t o  t i e  propel-  

l e r  axis at f l o w  m g l e s  of  S imi la r .  measure-iient s 
*"ExpeTi;>ents t o  Deterzine t h e  Latera l  Torce on a P rope l l e r  iii a 
Side Wind.it E r i t i s h  A.0Z.d. Reports and 1:emorznda Yo.  1 2 3 ,  P s - t  
11, 

* 
Q = o t o  25' 
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were r e c e n t l y  nade at the  JuRkers f ac to ry .  * These e q e r i x e n t s  

cover t h e  angles  of f l o w  i n  curving a o t i o n  ( case  1). Of course 

they also cover t h e  e f f ec t  of  the oblique f low i n  those cases  

i n  which t;?e r e l a t i v e  flow i s  general ly  assumed w i t h  s u f f i c i e n t  

accuracy t o  be a x i a l .  These cases include the  straightaway 

f l i g h t  cf an a i rp l ane  whose p rope l l e r  axis has  a d i r e c t i o n  d i f -  

f e r e n t  froml t h e  d i r e c t i o n  of f l i g h t ,  i nve r t ed  f l i g h t ,  t h e  flow 

r e l a t i o n s  i n  c e r t a i n  arra.?ngernents of t h e  p r o p e l l e r  aboT?e o r  be- 

low t he  vrings aild s i m i l a r  cases. 

I n  order t o  determine t h e  behavior o f  p r o p e l l e r s  ucder t h e  

ope ra t ing  condi t ions  o f  case 2 ,  Durand and Lesley i n v e s t i g a t d ,  

i n  1921, a s e r i e s  of p r o p e l l e r s  of d i f f e r e n t  E/D r a t i o s  (0.5, 

0.5, 0.7) at angles  o f  flow o f  a = EO t o  90' i n  a wind tuiiiiel 

and deterxii ied t h e  a x i a l  t h r u s t  m-d t h e  torque.** Nargoulis 

has  r e c n e l t y  inves t iga t ed  he l i cop te r -p rope l l e r  models i x  a la t -  

e r  a1 wind. * * * 
Since t k e  former o f  t he  above-ment ioned cases  ( oblique flow 

aga ins t  airpla.ne p r o p e l l e r s )  r e l a t e s  t o  ma l l  angles of f l o w  and 

t h e  l a t t e r  (ob l ique  f l o w  aga ins t  h e l i c o p t e r  p r o p e l l e r s )  r e l a t e s  

t o  l u g e  angles of flow and hence p r a c t i c a l l y  cover the  range 

from CL = 0 t o  90 , and s ince ,  moreover, t h e  q u a z t i t i e s  measu~ed 
*3ock,  "Ueber d i e  Zinhei t  von Triebwerk und Flugwerk, Year- 

book of t h e  W.G.L., 1928, p.66. 

Technic21 Report Eo. 113, 1921. 
***Margoulis, "Les h6l icoptkres ,  P a r i s ,  1922; lflJouvelles re- 
cherches exp6r iaenta les  sur l e s  h 6 l i c e s  d th61icoptbres ,  I I  Coxptes 
Rendus 134, 1927, p.735. 

0 
-~ 

* * D u r m 6 !  and Lesley,  "Tes ts  on A i r  P r o p e l l e r s  i n  Yaw.  X.A. C.A. 

3 
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by t-ie e a r l i e r  ex2eriiiienters are  li;;iitec? i n  211 cases  t o  a por- 

t i o n  o f  t he  t h r u s t  coxponelit s. alzd I;rio-iie:-it s,  t he  a u t h o r s  general-  

i zed  t h e  >roblea  accord-izg t o  tl--e 'cekavior o f  a I r o p e l l e r  i n  a 

s i d e  wind and undertook t h e  t a s k  of i n v e s t i g a t i n g  screw propel- 

l e r s  of d i f f e r e n t  p i t c h  i n  t h e  wind t u c n e l  at m g l e s  of flow of 

0 t o  90'. 1:: add i t ion  t o  t h e  propuls ive e f f i c i e n c y ,  a l l  f o r c e s  

and :~~one;_lts i n  a xGnd-fast s y s t e a  =id i n  a ;Jropel ler-fast  systeLi 

of cooTd-inates were t o  Se invest igated.  

The PTopellers Tested 

TKO p ' o p e l l e r  motels of the SGXB dixi ie ter  D ,  Sa t  of d i f -  

f e r e n t  p i t c h  H ,  were t e s t ed .  

1. A n  a i rp l ane  y r o p e l l e r  nodel of  m i f o r m  p i t c h  5 = 0.5 D 

throughout t he  whole rad ius  ( F i g .  1). The Yjropeller  as of the  

type S, F, A, P, of  Klze I'.A.C.d. r epor t s .*  

2. d h e l i c o p t e r  ?repeller w i t h  a uniform p i t c h  o f  II = 0.2 

D over the  g r e a t e r  ( o u t e r )  p a r t  of t h e  r a d i u s  (Fig.  2 ) .  

The dimieter  of  both p r o p e l l e r s  w a s  D = 0.32 m (12.6 in.). 

They were xade from a block o f  glued s t r i p s  of wood, l i k e  full- 

s i z e  p o p e i l e r s .  IT, r e2or t ing  the r e s u l t s ,  t he  7 r o p e l l e r s  a r e  

s i n p l y  designated as I and- 11. 

- 

*Duraiid and Lesley,  r13xperi:.iental Zesearch on A i r  Propellers-V. If 

A*A.C.A.  Tecbr,icd Regort Yo.  141, 1925. - -  
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Suspension of Uodel 

Bo th  p r o p e l l e r  models were t e s t e d  i n  t h e  l a r g e  wind tunnel 

of t h e  G:t;tingen Aeiodynaiiic I n s t i t u t e ,  

€ingen e l e c t r i c  motor of t h e  type C was used t o  d r i v e  them.* The 

A s ; n a l l  high-speed G k t -  

suspension i n  t h e  wind tunnel  is  shown i n  Figures  3 and 4. The 

p lane ,  i n  which t h e  p r o p e l l e r  ax i s  can be ad jus t ed ,  i s  t h e  ver- 

t i c a l  ylw-e o f  symmetry of t h e  air strearn. In  only one case,  ii? 

measuring the  v e r t i c a l  momeRt, was i t  i z e c e s s a y ,  f o r  t echn ica l  

reasons ,  t o  inount t h e  p rope l l e r  s o  it could be t i l t e d  i n  the  m i d -  

d l e  ho r i zon ta l  p l ane  of  t h e  air stream (Fig.  5).  Eefore consid- 

e r i n g  t h e  experiments we m s t  def ine t h e  f o r c e s  and moments. 

Def in i t i ons  and Not at ion  

Ve w i l l  f i rst  express all the  f o r c e s  and xioments as nondi- 

rnensional and w i l l  use  the  following formulas. 

Force o r  thrust  c o e f f i c i e n t  

force  
P D' u\2 @ TT 

ks = 100 - 
z ( z  1 4 

Moment c o e f f i c i e n t *  
moment k = 100 

*"Ersebnisse  der  Aerodynaaischen Versuchsanstal t  zu Gljttingen, 'I 
Report 111, 1927. 
**These c o e f f i c i e n t s  are 100 times those o r d i n a r i l y  used i n  pro- 
p e l l e i  aerodynamics. It i s  custoiiiary t o  eiilploy t h e  p r o p e l l e r  co- 
e f f i c i e n t s ,  l i k e  t h e  wing c o e f f i c i e n t s ,  as 100 t imes t h e  ordinary 
c o e f f i c i e n t s ,  on accolrnt of t h e  srnallness o f  t h e  l a t t e r  (e .g . ,  
100 C a  and 100 kd) .  
i c a l  f a c t o r  100 i n  t h e  numerous diagrams i n  which t h e  t e s t  re -  
( F o r  reiiai-nder of foo tnote ,  see bottom of  page 6 . )  

I n  order  not t o  be obl iged t o  use  t h i s  nuiiez- 
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p ,  dens i ty  o f  surrounding medium (kg s2 m-'); 

D ,  p r o p e l l e r  diaqet e r  ( m )  ; 

o, angular ve loc i ty  of p rope l l e r  nn/30, when 
n = i t s  r.p.m. (s-l ). 

12 order  t o  save t r o u b l e ,  it i s  a l lowable,  i n s t e a d  of  speak- 

ing of t h e  fo rce  and moment c o e f f i c i e n t s  

say  t h e  force  ( o r  t h r u s t )  ks and t h e  moment k. 

k, and k ,  s i a p l y  t o  

A l l  components a re  designated by a subindex. Since the  

thrust syzbol already has the  subindex s ,  we can e a s i l y  d i s t i n -  

guish t h e  thrust  fo rces  and inoments by TJsing two subindices  ( e.g., 

f o r  t he  thrusts  and only one f o r  t h e  momelits 

Let u s  now imagine (Figs .  6-7) a wind-fast right-hand orthog-  

(e.g., kd).  ksn 

onal  system of axes XYZ so  o r i en ted  t h a t  t h e  X a x i s  i s  i n  t h e  

d i r e c t i o n  of  f l o w  and the  XZ plane i s  t h e  v e r t i c a l  plane of syx- 

metry i n  the  air stream. W i t h  t h i s  system of  axes we combine t h e  

p rope l l e r - f a s t  system of  axes X1Y1Z4 i n  such manner t h a t  t h e  

axis ai-ound which the  p r o p e l l e r  swings ( t h e  Y' axis) co inc ides  

w i t h  the Y axis .  The adjustment p l m e  o f  t h e  p r o p e l l e r  ( t h e  X I Z '  

p l a n e )  then l i e s  i n  the  XZ plane. Hence we can convert  t h e  

wind-fast system of  axes XYZ i n t o  t h e  p rope l l e r - f a s t  systei-il of  

axes X I Y I Z '  by r o t a t i o n  about the  Y a x i s  by t h e  angle of flow Q ,  

According t o  this d e f i n i t i o n  of t h e  system o f  axes ,  t h e  

f o r c e s  arid iilo;l?er,ts, exe i t ed  on the p r o p e l l e r  b y  the  a i r ,  a re  as 
( C o n t i m e d  from page 5 )  
s u l t s  a r e  shown, the  authors  decided t o  u se  the  above inodified 
formula. 

-- 
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f 0 1 1 0 w s . 
'vTinc?-fast sjrsten; o f  coord ics tes  XVZ. 

Forces:  

ho r i zon ta l  thrust  ( thrust  com2onent i n  X d i r e c t i o n )  ; 

v e r t i c a l  II 

l a t e r a l  II 

Sh ' 1C 

1; 
) *  

I1 n Z  

Y 

II ( I t  

( 'I 

kSV, 
11 11 

sS '  
IC 

Moments ( w i t h  re ference  t o  t h e  a x i s  po in t  of t he  fGrward tmgen-  
- .  t i d  plane of tlie p r o p e l l e r s  - rj-gures 1-2) :  

k q ,  l a t e r a l  î ;loi<?ent (moment about axis iil  t h e  d i r e c t i o n  

of f l o w  = moreilt about the  X ax5.s); 

noxent o f  yaw (r~ornent aboct  v e r t i c d  a x i s  = rfioment 

about Z axis; 

v e r t i c a l  zo::ier,t (moxent about swing a x i s  = moment 

about 'I a x i s ) .  

kk 7 

kh, 

Proge l l e r - f a s t  System o f  Coordimtes  X I Y ' Z I  

Forces:  

ai a1 t h r u s t  ( th rus t  i n  t h e  d i r e c t i o n  o f  

ler axis = thrust i n  XI directioTi; 

no rrflal. t h r u s t  ( t h r u s t  i n  ZI dix'ection); 

t h e  propel- 

l a t e r a l  ( '' 
sS '  

!r II 
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Xonents ( w i t h  re ference  t o  t h e  a x i s  y o i f i t  of the  forward ta3- 

g e n t i d  plane o f  t h e  y o p e l l e r s ,  7 izs .  1 - 2 ) :  

k r ,  aonent o f  roll (noiilei1t about t h e  pro;ne;ler a x i s  = 

;L:oxent about XI a x i s )  ; 

.:io;rrient o f  yaw (ixonent about 2 '  a x i s ) ;  

v e r t  i c a1 1:ioxent ( nonent about Y 1 ai s) . 
kg 2 

1% , 

The f a c t  t h a t  t he  l a t e221  t h r u s t  kss and t h e  v e r t i c a l  ao- 

!lent k1, coincide i n  bo th  coordinate s y s t e m ,  i s  clue t o  t h e  

i d e n t i t y  o f  t h e  Y ;.nd Y 1  a x i s .  

Tke r o l l i n g  aoine-ilt k, exerted on t h e  yjyo?eller by the  

a i r  f o r c e s ,  i s  obviously eyuai a d  opFosi te  t o  t he  tu rn ing  .:io- 

ment t r a n s a i t t e d  f r o n  -:'ne :.-lotor t o  t h e  pro;ieller.  T h i s  turni-ig 

moment i s  e q r e s e e d  by kd i n  t h e  Lsual ;lanner. Therefore,  if 

we de f ine  the  p o s i t i v e  kd 

t i v e  1 C r  d i r e c t i o n ,  kr = %d i n  ever;r d i r ec t ion .  

d i r e c t i o n  ir, opposi t ion t o  t h e  posi-  

idoleover, if we de;'ine the e l f i c i e n c y  of  propuls ion 

q = -- ksh A ,  
kd 

v /pe r iphe ra l  v e l o c i t y  o f  blade in  which 

p o i n t s  u = r i t c h  angle of p rope l l e r .  

h = v e l o c i t y  of  f low 
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from t h e  xodel t o  t h e  b d a n c e s i n  Figui-e 3. They show how t h e  

q u a n t i t i e s  i n  ques t ion  a e  xeasui’ed. 

14easured thrust coaponent s: 

l=sv, v e r t i c a l  t h r u s t  . . . . . . . . . .  ( 3  + 4) + 5 

hor i zont a1 1’ 1 + 2  

5 

. . . . . . . . . . . .  kSh’ 

k, l a t e r a l  . . . . . . . . . . . . .  US’ 
I1 

I 1  

fdeasured moments: 

kd-( = kr), tu rn ing  momiit  ( =  r o l l i n g  iiiornent) . . .  7 

kq,  l a t e r a l  momeilt . . . . . . . . . . . . . . .  3 - 4 

1 7  Ah , verticLal iciloaezt, riieasured w i t h  s:Jecird sus7cnsioii. 
. .  A s  shomi i n  Figure 5 ,  the  >lane of ad jus t sen t  i-? -;iie a o r i z o ; i t z l  

p l ane  o f  the  wind tunnel  wras such t h a t  t h e  v e r t i c i l .  mo;;lent 

could be measured by  1 - 2. 

The’ p r o p e l l e r  s p e d ,  which averaged &out 6500 r.p.r.1. , N ~ S  

deterx ined  Sy t h e  observat ion o f  

t h e  ino’ior w i t h  r^. reduct ion o f  1 : 400 a n d  des ignc ted  by 8 ii: 

Figure 3. 

ro t i i t i ng  w z k  actu;:ted by 

I n  order t o  be do la  t o  e l i a i n a t e  t h e  e f f e c t  o f  t h e  notor  

and o f  t he  suspension i n  t h e  evcluat ion of t he  cieasurements, D, 

comparc?tive t e s t  had t o  be ii?,?de without t he  ;. ,ropcller f o r  2-11 

q u m - t i t i e s  except ing thc turn ing  inorLlent cmd r.p.;;1. 

qu;..ntity i s  t h e n  found from t h e  d i f f e rence  between t h e  zmin 

neasuzexent (wit:l p ro ; ?e l l e r )  ::.nd t h e  comparz-tive measuremnt 

(wi thox t  p r o p e l l e r ) .  This d-ifference,  vhich i s  unavoidable i n  

The deaiyed 
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b 

all f o r c e  ixemurenents i n  wind tunnels  when t h e  a c t i o n  o f  t h e  

cir f o r c e s  o n  only c?. por t ion  o f  t he  ahole  instFA1atior-i [on tile 

model ,-.lone) i s  t o  be s tud ied ,  cF4n, i"ith t h e  x e m s  noTv ct our 

d i s p o s a l ,  be det erxined with s n t i s f w t o r y  s c c u r x y  f o r  models 

a t  r e s t .  There a re  unavoidable errors  i n  the  i n v e s t i g a t i o n  of  

independently running p r o p e l l e r s ,  as n l w y s  i n  t h e  i n v e s t i g a t i o n  

o f  :loving nodels ,  s ince p a r t s  o f  t h e  i n s t a l l a t i o n ,  whose r e s i s t -  

m c e  i s  supposed t o  be e l imina ted  by t h e  compzrative mensure- 

ment, l i e  i n  t h e  accelerz-ted slipstze,m of t h e  p r o p e l l e r ,  v h i l e  

Recent p o p e l l e r - n o d e l  t e s t i n g  s tands  render i t  poss ib l e  t o  keep 

t h i s  dev ia t ion  very s:=?c?ll i n  t e s t i n g  p r o p e l l e r s  exposed t o  a- 

i'd. cur ren t s .  Since,  i n  our investigF-tions tvith c?. l a t e r 2 1  niild, 

t h e  i n s t d l a t i o n s  were n e c e s s a i l y  more bulky, i t  was t o  be ex- 

p e c t e d  -Ci,?,t t h e  dev ia t ions  mould incrense.  A c o n t r o l  t e s t  f o r  

a = 0' O i l  t he  p rope l l e r - t e s t ing  s t m d  shoved, hoT:;ever, th23 

they ?,ye p n e r a l l y  sm.11 (Fig .  8 ) .  

g i b l e  ir, t ke  c o q s i s o n  o f  t h e  p r o p e l l e r  curves obta ined  at b i f -  

These dcvin t ions  nre negl i -  

f e r e n t  angles o f  flow. 

Duriiig t h e  Zirst t e s t s  i t  was found necessary t o  measure 

t h e  tlii-ee y u m t i t i e s  sepa-;ately: 

1. The l a t e r a l  tkrust ksS ,  s ince  t h e  torque wire 7 i n  

Figuze 3 c ' isturbed the  aeasurement, ( I t  'was renoved f o r  t he  
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aeasure;;ient of ks s .  ) ; 

11 

2, The l a t e r a l  ir;lo;xect kq, s ince  t h e  arrangement of t h e  

ba lances  prevented t h e  simultaneous measurement of kq and kSv; 

3, The ver t iccal  moment kh, TThich can Se cornputed froix 

but only inaccura te ly ,  s i n c e  sm3l d iscrepancies  Sh ' m d  k k"v 
n e c e s s a r i l y  occur i n  xeasuring l a rge  q u a n t i t i e s  and the  r e s u l t s  

a r e  the re fo re  considerably sca t te red .  I t  was the re fo re  pre- 

f e r r e d  t o  determine kh w i t h  t h e  aid of  a spec ia l  experimental 

suspension ( F o r  t h i s  purpose t h e  adjustment plane o f  t h e  pro- 

p e l l e r  a x i s  had t o  be loca t ed  i-r ,  t he  middle ho r i zon ta l  plane of 

t h e  wind tu-nnel] . 
The whole s e r i e s  of experiments was the re fo re  divided as 

fo l lows  : 

Siimltaneous neasu2erfients of v e r t i c a l  t h r u s t  ksV, hor  i- 

zon ta l  t h r u s t  ksh7 a i d  t u r n i r g  moiiient ( t o rque )  kd; 

l a t e r d  
S S '  

Seg?zate ceasurenents  of l a t e r a l  thrust 'K 

noxent kq zaCi v e r t i c a l  noment kh. 

Iii Yieasuring t h e  l a t e r a l  t h r u s t  , t h e r e  were s t rong .  dis turb-  

ances of t h e  flovv a-aout t h e  :;:otor and consequerit s t rong  L a t e r a l  

o s c i l l a t i o n s  o f  t h e  xotor-propel ler  assembly. These ceased, 

however, :;hen two v e r t i c d  guide su r faces  were i n s t a l l e d  on t h e  

upper s i d e  o f  t h e  motor. 

I t  wzs t h e  i n t e a t i o n  of t h e  authors  t o  aeasure xany coni20- 

nen t s  d i r e c t l y  and t o  c a l c u l a t e  only  those ' (ksa ,  k sn' kg) 
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* 
which could not  be neasr red  due t o  t h e  arrangement of t h e  bal- 

ances. 

111 ;ei?2ral, t h e  ,,ieasure,;lents proved f e a s i b l e  as p l a m e d ,  

although t h e r e  were t e c h n i c a l  d i f f l c u l t i e s  i n  inrlividizal cases  

due t o  t h e  s a a l l n e s s  of t h e  forces .  A l l  t h e  v e c t o r s  from the  

X and XI d i r e c t i o n s  disaFpear (on account or" t h e  symmetry) at 

U = 0'. 

0.11~~ ':::s xeasurement of t h e  nornent of yaw 

of t h e s e  d i f f i c u l t i e s .  This w a s  aeterrnined g raph ica l ly  f r o n  

k, - 2nd kq. 

qua:?- t i t i e s . 

Fence they a re  very small at srmll angles  of flow. 

kk f a i l e d  on account 

Figure 7 shows t h e  v e c t o r i a l  r e l a t i o n s  of  t h e  t h r e e  

Evaluat ion of t h e  Neasurement s and 

RepresentatioE o f  t h e  R e s u l t s  

I;z t h e  eva lua t ion  of  t k e  t e s t  r e s u l t s  i t  was found t h a t  

t h e  measurenent s Tor  sxall fo'rces v a r i e d  considerably.  Most of  t>E 

t h e  neasured curves were theyefore determined twice i n  the fol- 

lowinq imnner: 

1. The balance readings  were inade nondimensional without 

i.egard t o  tkre comparative t e s t ,  with a p l o t t e d  as parameter 

aGainst X ami tLe scnt ter i ,gs  averaged by eye. 

2. From t n e s e  c=;lrves t h e  corrected t e s t  va lues  were taken 

f o r  J. given value of h end p l o t t e d  aga ins t  a. After  another 

nvera,-ii-,g of t h e  now much s m l l e r  v a r i a t i o n s ,  t h e  t e s t  values  

were a s a i n  p l o t t e d  backward &.gainst h . 



W i t L  t hese  ;Lean va lues ,  f u r t h e r  c i l c u l a t i o n s  were :.lade, t ke  

co;xpe:~~tive ::easurements 2nd calibratioon were introduced,  e t c .  

k SV' kd 'h' 
This  doxble ;2lott ing WLS f ound  zecessary f o r  k 

and ICq, while and kh could be aeasured d i r e c t l y .  
kss 

A1 -1 o Q e t her t ke r e were zie asur ec! : 

and k - kSV? SS' 
Tozces: ksh,  

_ -  -Ao:.-ier-t s : kq, kh, and kd = k r .  

The t h x s t  f o r c e s  'sa and ksn were g raph ica l ly  bet eriiined 

from the measured fo rces  k and k The geone t r i ca l  r e l a t i o n  

of t?e vectoi-s i s   show;^ by Tigure 6. Noreover, t h e  noxe-fts kk 

and 1:- 5 (Fig.  7 )  were obta ixed  from t h e  g a p h i c  combination of 

t h e  i2easured moixents kr and lcq. Lastly, tile e f f i c i e n c y  . 

S V  

q =  - ksh A ,  
kd 

was ca lcu la t ed ,  s o  t h a t  a l t o s e t h e r  t he  following q u a n t i t i e s  were 

Tozces: k arid kS ; 
'a n 

~ c o x n t  s : kk and kg ; 

s r z i c i e n c y :  rl i 

- _  

v -  

Ti;ures 9-30 represei-it a l l  the force  a d  Eio;fleilt coinponent s 

and -the e f f i c i e n c y  f o r  p r o p e l l e r s  I and 11, both as p l o t t e d  

a g a i n s t  t he  p i t c h  angle h with  the flow angle a as pa rane te l  

aad aza ins t  a with X as p a r s i e t e r .  On accomt  of t h e  equa l i ty  

kd = ' Lr, tlre l a t t e r  was z o t  p l o t t e d ,  but only t h e  torque kd. 



except ion  of Figuze 8 ,  t h e  in t roduct ion  of t he  measuring p o i n t s  

w a s  omit ted for t h e  sake or' c l e u n e s s .  

Ir-i t h e  somewhat a r b i t r a r y  e l i z i n a t i o n  of t h e  s c a t t e r i n g  by 

t h e  above-described double averaging, c o n t r o l s  aeTe d e s i r e d  f o r  

t h e  ind iv idua l  components. Hence the fol lowing connect ions  de- 

r i v e d  f r o x  the  geometric Pe la t ions  (F igs .  6-7) were i n v e s t i -  

ga t  e 2  m d  confirmed. * 
F o r  t he  fo rces :  

Foi- 

f loJ7  and 

h =  0 ,  ksn must disappear at a l l  oblique angles  of 

'sa assufie t h e  value 

angle  s ; 

FOT 

angl  e s o  

FOX 

f low and 

For 

For 
z l e s .  

a = goo, kSn = -kSh 2nd kSa = ksv at z l l  p i t c h  

a =  G o ,  I'h aqd kg Seco;;ie zero at a l l  p i t c h  angles;  

U = 90°, kk = k,(= kd)  and! kg = -kq at a l l  p i t &  a- 
- --- ---- d 

*?ioreover, v:e kzve coc2ared our r e s d t s ,  s o  far  as p o s s i b l e ,  
+ t h  t h e  r e s u l t s  of previous experinenters  anG foimd the  agree- 
?Len$ ,Ood. ?eyl-i&?s these Y I i l l  be op12ortunity t o  co;.ipare o u -  ex- 
perimiTta1 z e s u l t s  v i t h  - L i e  t h e o r e t i c a l  r e s u l t s  of P i s t o l e s i  
and 3 s z x a l .  
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Reiiiarks OE t h e  3 e s u l t s  

TI:e mst ix:3ortant poiilt s coiice?ain,g t h e  r e l a t i o i i s  o f  tl:e 

imiivi.6:xl componeiits were xentioned i i z  t h e  preceding sec t ion .  

It o : ~ . y  r e x i a s  t o  consider t h e  z e s u l t s  (Figs. 9-50). It  x s t  

be assv-zed ir, advance t k a t  t h e  c-ifect of  t h e  obl iqueness  of t h e  

flow on the  behavior of t h e  p r o g e l l e r ,  i n  t he  r eg ion  o f  0’ a < 

a b o u i  l S o 7  i s  neg l ig ib l e  both foz z.irglane p r o 3 e l l e r s  and f o r  

helicoi3tel’ F rope l l e r s .  

f o r  a i i - p l w e  and he l i cop te r  p r o p e l l e r s  show a? extens ive  a:;;ree- 

c e n t  i n  t h e i r  character .  The dia;:rans nust  be e x m i n e d  f o r  de- 

ta i ls .  

A coiiipa-ison o f  t h e  corresponding curves 

At ten t ion  i s  c d l e d  t o  t h e  following poin ts .  

k - The constact  a x i a l  t h rus t  2-t X = 0 decreases  with sa 
t h e  p i t c h  zngle at small angles  of f l c w  a m d  i n c r e a s e s  at 

larze:  z:ieles - CI w i t h  the  ? i t c h  anzle .  There is  ai? inter;ieM- 

a t e  -e;io:?, at a = about 70 t o  GOo, i n  which 

kss) 

(c7.s a l s o  ksa 
i s  a l x o s t  independent of the p i t c h  angle (F igs .  9-10>. 

i s  negative zt l a rge  >. , Sa kSv - Since t h e  axial t h r u s t  k 

t h e  veztic,o.l thrust kSv i s  a l s o  negat ive at sixall angles  02 

f l o ~ v  a .  The ver t ical-  t h r u s t  kSv bee ones po s i t  ive egain a.t 

l a y e  ciizles of  flow, s ince t h e  axi& v e l o c i t y  i s  smaller, and 

t h e  axial  t h r u s t  consequently becomes p o s i t i v e  again ( FiTs .  11-U) . 



k - For  s i A 2 i l a  rezso:is it fo l lo-zs ,  i n  agreexeiit with t h e  

t e s t  r e su - l t s ,  t h a t  i n  L e  region of l a r g e  h ,  t:?e h o r i z o c t d  

tnrust EL s:iall a.:i?les of f l o w  i s  z q a t i v e ,  7,vhile i t  i s  T o s i t i v e  

at e n z l e s  of  flow. A t  a = goo, t ke re  i s  only r e s i s t x i c e  

(Zigs .  13-14). 

110 i’l a1 t h r u s t  i z c r  ease s both with t h e  p i t c h  azgl e 

axd v i t h  tke  angle of flow. Only at ma l l  h t he  i n i t i a l  in- 

c r ease  at la.zge aligles (a > 45’) recedes.  The f o r c e s  a re  ~ m c h  

smalle? tks2i-i those  pyeviously x n t i o n e d ,  t h e  naxi;H:li1i value beiil-, 

o:zly kSn = 0.8. 

*ed so  -t;?z-t tte sca le  i s  f i v e  t i n e s  c s  grea t  as f o r  

alzd k (Tizs .  15-16). 

302 t h e  sake o f  c l ea rness  t h e  curves  weye i J lo t -  

sv’ ksa, k 

SI1 

- Fie  l a t e r a l  t k r u s t  i s  s t i l l  s ;aal ler ,  i t s  ;naximum val- 

kss = 0.5; and for t he  
S S  

k 

ue Zoz t h e  ai-rpla-iie p r o p e l l e r  being o n l y  

h e l i c o p t e r  p r o p e l l e r  only 

w i t h  t hc  s i t c k  anz le ,  ixreZusi .cg ?*t f i r s t  rrith t h e  angle a, 

then  d:;-o;2pi:ig t o  z e r o  at about 

t i n .  Tke sca l e  of t he  diagraxi i s  l ikewise  eillarged f i v e f o l d  

( F i g s .  17-18). 

kss = 0.4. Therlt i s  a s t rong  incyease 

a = 85’ and then Secoming ne,-+ 

1~ - T,’,%ilc f o r  A. = 0 t h e i e  i s  n z t u r a l l y  no  depe-ndciice of  

t h e  r o l l i ~ g  ;iio;;ient on the  a g l e  of flow, at  large y i t c n  ar,gles 

tlie ciioxez.t i x r e a , s e s  ra;Ji&ly v i t h  increas ing  arigle cf flow, a - d  



at 

ce2e again (F igs .  19-20). 

CL 7 50' t h e  moment xea.sured i n  t h e  s t and  t e s t  does not re- 

1cll - The v e r t i c a l  :;loment s h o ~ s  a su r>r i s iEg ly  un i fo rn  in- 

c r ease  '30th with t h e  axgle of f l o w  and v i t k  t h e  p i t c h  angle 

( ;ki8gs. 21-22) . 
k'lc - The dependence of t h e  xonent of yav on t h e  p i t c h  angle 

i s  ocly s l i g h t .  l ime pronounced i s  t h e  inc rease  with the  anzle  

of ~ ~ t t a c l c  ( q p r o x i a a t e l y  as t h e  s i n e )  (F igs .  23-24). 

17 The l a t e r a l  aornent at a = 0' f o l l o w s  the  course of "cl - 
L 1  ~ J C  ~ 0 1 l L : q  :;loment, A t  a = 90' it  i s  i d e n t i c a l  with t h e  nega- 

t i v e  ao::ieilt of  yaxv, t h e  t r a r r s i t i on  being gradual (Figs. 25-25). 

kY- - The rnornent of yaw shows q u i t e  i: uniform dependence on 
t3 

t h e  x i g l e  o f  p i t c h .  

: i e p a t i v c  a f t e r  an i r i i t ia l  inczease (F igs .  27-28). 

t'Jith increas ing  angle  of dhtack it  becones 

Z f f  i C i e n c y  

rl - For  an a i rp l zne  p r o p e l l e r  t he  e f f i c i e n c y  of  propuls ion 

a t t a i n s  a rnaximm of alziost 755. 

d i m t e s  of  t h e  ksh artd kd curves, s:3alle-s p i t c h  angles  of 

helico?-iez pzope l l e r s  corresyond t o  l a r g e r  ones of a i rp l ane  pro- 

p e l l e r s ,  t he  propuls ive e f f i c i ency ,  which i s  a f u n c t i o n  of t k e  

p i t c i l  :nSle ,  i s  s:xaller f o r  t he  he l i cop te r  p r o p e l l e r ,  t h e  xaxi- 

lilUL1 v&l;j.e of  r, being about 0.48 f o r  t h e  l a t t e r .  For simple bel- 

Since ,  as r e f e r r e d  t o  l i k e  or -  
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i c o p t e r  p r o p e l l e r s  -a = 0" afid X = 0 -, f rom which -no i?!ork 

of t r a n s p o r t a t i o n  i s  requi red ,  the propuls ive  e f f i c i e n c y  = 0 

accord-iizg t o  our d e f i n i t i o n  ( F i g s .  29-30). 

Fo7 e s t i n a t i o n s  it i s  o f  advantage t o  know t h a t ,  ir, p l o t t i n g  

aga ins t  h i n  an a n g u l a  range of 0' e a <: about 45',* the  

x x v e  s kave ayproximat e l y  equal o rd ina t  e s f o r  equal values  'sa 
h cos d b  The saxe s ta tenel i t  ho lds  t r u e  f o r  kd. I n  t 3 e  above- 

sild 'sa m e n t i o x 2  a:igular range, we c a z  t he re fo re  convert t h e  

kd c - ~ r v e s  iieesured f o r  a = 0' Si l t0  t k e  coiresFonding curves 

f o r  any m g l e  OT flovr ai ,  by multiplying t i i e i r  abscissas by 

* *  Since t h e  noznal and l a t e r a l  conponents of t he  1x0- 1 
cos G i -  

pe l l e i -  -tl:rust can Se disyegarded i n  the  f i r s t  approximation w 6 .  

_ .  i t  aa:r -k::e;?ef ore Se assmied t h a t  t he  r e s u l t i n g  p r o p e l l e r  t h r u s t  

i s  i n  the p r o p e l l e r  axis even at a 3 0' a i d  i s  the re fo re  iden- 

t i c a l  -:Tith k, - ,  t h i s  :lethod of  c a l c u l a t i o n  erxhles t h e  deter-  

Sa7 x ina t io i i  o f  t h e  q u a n t i t i e s  k 

va lues  ol" c v i t h l n  the  l i x i t s  O o <  a c about 45', f rom tke 

CL 

1< sv, kSh, kd and T, f o r  m y  

measu.ir.i.d a x i a l  t h r u s t  and torque f o r  a = 0 ,  f o r  p r o p e l l e r s  02 

_ _  not t o o  g rea t  p i t c h .  
*The -m:3er l i m i t  falls w i t h  i n c r e a s i q  p l t c h  of t h e  p rope l l e r .  

For  the h e l i c o p t e r  g r o p e l l e r  11, 60' li?ight Se allowed f o r  the  
upper l i n i t ,  but 45 i s  f u l l y  high enougn.for t h e  a i r p l a n e  pro-  
p e l l e r  I. 
**Oi', wiiick axounts t o  t he  s x i e  th ing ,  t h e  ks,. curve, s ince  k,. 
and 1:. axe  i d e n t i c d .  at a = 0. a i  a 

?I 

Translat  io-;? '2:; Dwight L ine r ,  
N a t  i o n d  Advi s o r y  Co:qmi t t c e 
f o r  Azro::?:dtics. 
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Fig. 1 

in mm). 0 0.1 0.2 0.3 
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x - - - -  -x Propeller-test stand 
results. 

-4 mind tunnel tests 
with oblique air 
currents . 

Fig.8 Effect of support on test 
results. (Airplane prop. I 
at C L = o O )  

Fig.2 Helicopter propeller. 
(All measurements 
in mm). 

I 
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Fig.6 Thruet force .  

The p rope l l e r  a x l e  l i e s  In the XZ 
plane. The foroe veotore l i e  In  
the e&me plane. The dot and the 
dash veotor fall out of the XZ 
plane,  The aube is drawn i n  order 
t o  f a c i l i t a t e  the ~pa t i a l  repre- 
osntat lon.  Its edge6 were 
a b i t r a r i l y  given a value of kBv. 

meaeur ing vc r t ica l -  mornen t k h  . 

-X I  

Flg.7 Momenta. 

moment veotore are drawn i h  the 
ueual nay, 80 t h a t  tEe dlreot lon 
of motion indioated by the  arrow, 
combined wi th  the di rec t ion  of 
r o t a t i o n  of  the moment, producee 
a r o t e t l o n  to the r i g h t .  The 
propeller axis l i e s  i n  the XZ 
pl%ne,ae also the extended moment 
veotore .  The dot and the-dash 
vectore  'fall out  of the  XZ plane,  
Tho length gf an edge of t h e  

The 

cub8 i e  kk. 
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Fig. 9 
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